Optimal T cell responsiveness requires signaling through the T cell receptor (TCR) and CD28 costimulatory receptors. Previously, we showed that T cells from autoimmune nonobese diabetic (NOD) mice display proliferative hyporesponsiveness to TCR stimulation, which may be causal to the development of insulin-dependent diabetes mellitus (IDDM). Here, we demonstrate that anti-CD28 mAb stimulation restores complete NOD T cell proliferative responsiveness by augmentation of IL-4 production. Whereas neonatal treatment of NOD mice with anti-CD28 beginning at 2 wk of age inhibits destructive insulitis and protects against IDDM by enhancement of IL-4 production by islet-infiltrating T cells, administration of anti-CD28 beginning at 5-6 wk of age does not prevent IDDM. Simultaneous anti-IL-4 treatment abrogates the preventative effect of anti-CD28 treatment. Thus, neonatal CD28 costimulation during 2-4 wk of age is required to prevent IDDM, and is mediated by the generation of a Th2 cell-enriched nondestructive environment in the pancreatic islets of treated NOD mice. Our data support the hypothesis that a CD28 signal is requisite for activation of IL-4-producing cells and protection from IDDM. ( J.
Introduction
Insulin-dependent diabetes mellitus (IDDM) 1 is a polygenic multifactorial autoimmune disease heralded by T cell infiltration of the pancreatic islets of Langerhans (insulitis) and progressive T cell-mediated destruction of insulin-producing ␤
cells (1-3). CD4
ϩ T helper cells are required for the adoptive transfer of IDDM into recipient neonatal NOD mice or immunodeficient NOD.Scid mice (4) (5) (6) . Cooperation between CD4 ϩ and CD8 ϩ T cells is required to initiate IDDM, and islet ␤ cell destruction is CD4 ϩ T cell-dependent (7, 8) . Current evidence suggests that the CD4 ϩ effector cells of IDDM in NOD mice are Th1 cells that secrete IL-2, IFN-␥ , and TNF-␣ , and that the regulatory CD4 ϩ cells are Th2 cells that secrete IL-4, IL-5, IL-6, IL-10, and IL-13 (9) (10) (11) .
We previously discovered that, beginning at 3-5 wk of age, T cell receptor (TCR) ligation induces proliferative hyporesponsiveness of NOD thymic and peripheral T cells, which is mediated by reduced IL-2 and IL-4 production (12) (13) (14) . Decreased IL-4 production by human T cells from patients with new-onset IDDM has also been demonstrated recently (15) . Whereas addition of IL-4, a Th2-type cytokine, potentiates IL-2 production and completely restores NOD T cell proliferative responsiveness, addition of IL-2, a Th1-type cytokine, even at high concentrations, only partially restores NOD T cell responsiveness. These findings suggest that Th2 cells may be compromised in function to a greater extent than Th1 cells in NOD mice, and raise the possibility that Th2 cells require a higher threshold of activation than Th1 cells in these mice. IL-4 not only restores NOD T cell responsiveness in vitro, but prevents insulitis and IDDM when administered in vivo to prediabetic NOD mice (13) and when transgenically expressed in pancreatic ␤ cells (16) . The proliferative hyporesponsiveness of regulatory Th2 cells in NOD mice may favor a Th1 cell-mediated environment in the pancreas of these mice, and lead to a loss of immunological tolerance to islet ␤ cell autoantigens. This possibility is consistent with the notion that restoration of the balance between Th1 and Th2 cell function may prevent IDDM (9, 10, 17) .
Optimal T cell activation requires signaling through the TCR and CD28 costimulatory receptor (18) (19) (20) . Cross-linking of the TCR/CD3 complex in the absence of a CD28-mediated costimulatory signal induces a proliferative unresponsiveness that is mediated by the inability of T cells to produce IL-2 (21) . CD28 costimulation prevents proliferative unresponsiveness in Th1 cells by augmenting the production of IL-2, which in turn promotes IL-4 secretion by T cells (22) . The costimulatory pathway of T cell activation involves interaction of CD28 with its ligands B7-1 and B7-2 on an antigen-presenting cell (APC), with B7-2 considered as the primary ligand for CD28 (23) (24) (25) (26) . When costimulation is blocked by either CTLA4-Ig or by anti-B7-1 or anti B7-2 mAbs, differential effects on the incidence of various autoimmune diseases (e.g., IDDM) and on the development of Th1 and Th2 cells are observed (27, 28) . Furthermore, in vivo studies have demonstrated that generation of Th2 cells is more dependent upon the CD28-B7 pathway than is the priming of Th1 cells, and suggest that the development of Th subsets in vivo may be influenced by limiting CD28-B7 costimulation (29, 30) . These conclusions were recently confirmed using the CTLA-4Ig transgenic and CD28-deficient mouse models (31) (32) (33) . Analyses of human Th2 cell development have yielded results similar to those observed in the mouse (34) (35) (36) . Interestingly, interactions between CD28 and its B7-2 ligand are essential for costimulation of an IL-4-dependent CD4 ϩ T cell response, and IL-4 increases B7-1 and B7-2 surface expression on certain professional APCs (e.g., Langerhans cells) and B cells (26, 37, 38) . Thus, NOD APCs may optimally activate islet ␤ cell autoreactive CD4 ϩ effector T cells, but not regulatory CD4 ϩ T cells (39, 40) . Deficient CD28 costimulation may lower the ability of NOD APCs to stimulate regulatory Th2 cells without compromising their ability to stimulate autoreactive effector Th1 cells.
In this study, we show that anti-CD28 mAb-mediated costimulation completely restores the proliferative responsiveness of NOD thymocytes and peripheral T cells by augmenting their levels of secretion of IL-2 and IL-4. This result raised the possibility that treating NOD mice with a CD28 agonist, which can stimulate marked IL-4 secretion and is more stable than IL-4 in vivo, may be more efficacious than IL-4 in protecting NOD mice from IDDM. NOD mice were therefore treated with an anti-CD28 mAb to determine whether CD28 costimulation protects them from IDDM. We demonstrate that anti-CD28 treatment effectively prevents destructive insulitis and protects from IDDM in NOD mice, provided that treatment is performed at a sufficiently early age (2-4 wk) during neonatal life. Our data support the hypothesis that NOD APCs may not provide a sufficient CD28 costimulation signal during the inductive phase of development of IDDM, and that this CD28 signal is requisite for activation of IL-4-producing NOD Th2 cells and protection from IDDM.
Methods
Mice. Our NOD/Del mouse colony was bred and maintained in a specific pathogen-free facility at The John P. Robarts Research Institute (London, ON). Diabetes incidence among females in our NOD colony is presently 40-50% at 15 wk of age and 80-90% by 25 wk. NOD.Scid mice generously provided by Dr. L. Shultz (The Jackson Laboratory, Bar Harbor, ME) were bred in our colony and used as recipients in T cell transfer experiments. The age-and sex-matched BALB/c mice used as controls in the in vitro T cell proliferation experiments were also bred in our colony.
Anti-CD28 mAb treatment. In the first experiment, either anti-CD28 mAb (50 g), purified by protein G affinity chromatography (Pharmacia Biotech, Uppsala, Sweden) of supernatants from 37.51 hybridoma cells secreting hamster antimurine CD28 mAbs (41) (kindly provided by Dr. J. Allison, University of California, Berkeley, CA), or control hamster IgG (50 g, Bio/Can Scientific, Mississauga, ON) was administered intraperitoneally every other day to female NOD mice ( n ϭ 20/group, randomized from 10 different litters) from 2 to 4 wk of age. These mice were then boosted at 6, 7, and 8 wk of age. In a second experiment, female NOD mice ( n ϭ 10-12/group randomized from 3 to 4 different litters) received anti-CD28 mAb (50 g) plus either anti-IL-4 mAb (42) (50 g, 11B11) or control rat IgG (50 g; Bio/Can Scientific, Mississauga, ON), or anti-IL-4 mAb (50 g, 11B11) alone, according to the same schedule used in the first experiment. In a third experiment NOD mice ( n ϭ 10/group, randomized from five different litters) received the same treatment starting at 5 wk of age. Blood glucose levels (BGL) were measured weekly with a Glucometer Encore (Miles/Bayer, Toronto, ON). Animals with BGL Ͼ 11.1 mmol/liter (200 mg/dl) during two consecutive wk were considered diabetic.
Histopathology analysis. Mice were harvested periodically during the course of anti-CD28 or control treatment, and pancreatic tissue was removed, fixed with 10% buffered formalin, embedded in paraffin, and sectioned at 5-m intervals. The incidence and severity of insulitis was examined by hematoxylin and eosin staining as well as insulin immunostaining. A minimum of 20 islets from each mouse were observed, and the degree of mononuclear cell infiltration was scored by two independent blinded observers using the following ranking: 0, normal; 1, periinsulitis (mononuclear cells surrounding islets and ducts, but no infiltration of the islet architecture); 2, moderate insulitis (mononuclear cells infiltrating Ͻ 50% of the islet architecture); and 3, severe insulitis ( Ͼ 50% of the islet tissue infiltrated by lymphocytes and/or loss of islet architecture). Immunohistochemical detection of insulin was performed using a porcine anti-insulin antibody and avidin-biotin peroxidase technique (Dako Corp., Carpinteria, CA).
Cell proliferation and cytokine secretion. Splenocytes and thymocytes were isolated as described (13) . Splenic T cells were isolated on T cell columns (R&D Systems, Minneapolis, MN) to a purity of Ն 98%, as assayed by FACS analysis of CD3 cell surface expression. Cells (10 6 /ml) were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 10 mM Hepes buffer, 1 mM sodium pyruvate, 2 mM L -glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.05 mM 2-ME (all purchased from Gibco Laboratories, Grand Island, NY) with plate-bound 145-2C11 anti-CD3 ⑀ mAb (1/500 dilution of ascites; hybridoma kindly supplied by Dr. J. Bluestone, University of Chicago, Chicago, IL) in the presence or absence of various concentrations of the 37.51 anti-CD28 mAb. Cells were harvested after either 48 (splenocytes and T cells) or 72 h (thymocytes), and were then assayed for incorporation of [ Islet-infiltrating cells were purified after isolation of pancreatic islets by collagenase P (Boehringer Mannheim, Laval, QC) digestion and centrifugation of the islets on a discontinuous Ficoll gradient. Free islets were hand-picked under a dissecting microscope to a purity of Ն 95%, and purified islets were cultured for 24 h to allow emigration of lymphocytes from the islets. After culture harvest and isolation of viable lymphocytes by density gradient centrifugation on Lympholyte-M (Cedarlane Laboratories, Ltd., Hornby, ON), the cells were cultured for 48 h with anti-CD3 as above.
Culture supernatants were assayed for their concentration of cytokines by ELISA. IL-4 levels were interpolated from a standard curve using recombinant mouse IL-4 captured by the BVD4-1D11 mAb and detected by the biotinylated BVD6-24G2 mAb, while IFN-␥ concentrations were measured using rmIFN-␥ , the R4-6A2 mAb, and biotinylated XMG1.2 mAb (all obtained from PharMingen, Mississauga, ON). Standard curves were linear in the range of 20-2,000 pg/ ml. In some experiments, the relative levels of IL-2 and IL-4 secreted were quantified in a bioassay using the IL-2 dependent CTLL-2 T cell line (43) where S is the amount of CD28 costimulation-induced proliferation (or cytokine production) of anti-CD3 plus anti-CD28-stimulated
× -= cells, and U is the amount of proliferation (or cytokine production) of cells activated by anti-CD3 alone.
Intrapancreatic cytokine analysis. Intrapancreatic IL-4 and IFN-␥ concentrations in tissue samples were quantified as described (46) . In brief, pancreata were isolated and snap frozen in liquid nitrogen. Upon analysis, the samples were homogenized and sonicated in protease inhibitor-buffered cocktail followed by filtration through 1.2-m filters (Gelman Sciences, Inc., Ann Arbor, MI). The filtrates were analyzed for IL-4 and IFN-␥ concentrations by ELISA, and the ELISA results were normalized relative to the total amount of protein per pancreas and recorded as ng/mg tissue.
Glutamic acid decarboxylase (GAD) antibody ELISA. The presence of anti-GAD antibodies in collected sera was determined by ELISA as previously described (47) . In brief, sera samples were added at appropriate dilutions to plates coated with murine GAD 67 (10 g/ml). Using alkaline phosphatase-conjugated goat anti-mouse isotype (IgG1 or IgG2a) antibodies with p -nitrophenylphosphate disodium in diethylamine buffer (substrate) the optical density was read at 405 nm to determine the relative amount of the individual anti-GAD isotype. All sera were titrated at 1:20, 1:40, 1:80, and 1:160 dilutions for anti-GAD 67 antibodies. Since we found significant differences between the IgG1 and IgG2a ratio at the 1:20 dilution between treated and untreated mice, all sera were tested for the specific isotypes (IgG1 and IgG2a) at the 1:20 dilutions.
Adoptive cell transfer. Female NOD.Scid mice ( n ϭ 5/group) 6-8 wk of age were each injected intraperitoneally with splenic T cells ( 10 7 ) from prediabetic female NOD mice previously treated with anti-CD28 mAb or control Ig. The recipients were followed for a maximum of 12 wk after transfer, and BGL were monitored weekly.
Flow cytometry analysis. Splenic T cells and thymocytes (10 5 ) were suspended in 0.1% BSA and PBS/0.001% NaN3, and were then incubated for 30 min at 4 Њ C with various FITC-or PE-conjugated mAbs against different murine lymphocyte subpopulations and functional markers, including CD3, CD4, CD8, CD19, CD25, CD69, CD44, L -selectin, CD40, LFA-1, B7-1, and B7-2 (PharMingen). Isotype-matched (Ig) antibodies were used as negative controls. Cell fluorescence was analyzed using a FACScan and Lysis II software (both from Becton-Dickinson, San Jose, CA).
Results and Discussion

CD28 costimulation restores NOD T cell proliferative responsiveness.
A primary role of CD28 costimulation is the augmentation of IL-2 production by activated T cells. If exogenous IL-2 is present at a high concentration, specific intracellular signals derived from CD28-mediated costimulation are unnecessary for maximum Th1 proliferation and optimal Th2 responsiveness to IL-4 (22). Addition of IL-2 can also overcome the inability of Th1 cells to proliferate (21) . Nonetheless, we previously showed that exogenous IL-2, even when added at high concentrations, only partially restores TCR-induced NOD thymocyte and peripheral T cell proliferative responsiveness due to its inability to restore a normal level of IL-4 production (13). In contrast, exogenous IL-4 completely restores the TCR-mediated responsiveness of NOD T cells, and this is associated with increased IL-2 production by these T cells. These data raise the possibility that the costimulatory signal transduced by CD28 on NOD T cells may be insufficient to stimulate optimum NOD T cell activation.
To test this possibility, we assayed the ability of an anti-CD28 mAb to augment the costimulation signal provided by NOD APCs to NOD T cells, and stimulate the TCR-mediated in vitro proliferation of NOD and BALB/c thymocytes. 8-wk-old mice were used, since the trait of T cell proliferative hyporesponsiveness is readily detectable in NOD mice at this age (12) . Fig. 1 A shows that CD28 costimulation provided by anti-CD28 markedly enhances the anti-CD3-induced proliferative responses of NOD and BALB/c thymocytes, yielding 19.5-and 5.6-fold increases (at the highest concentration of anti-CD28) in these responses, respectively. Note also that the response to anti-CD3 mAb alone is significantly higher in control BALB/c than NOD thymocytes (Fig. 1, A and E ) , confirming the NOD T cell proliferative hyporesponsiveness reported in our previous work (12, 13) . When quiescent NOD and BALB/c thymocytes were stimulated by anti-CD28 in the absence of anti-CD3 (or anti-TCR ␣␤ ), however, a low level of proliferation was observed which was equivalent to the basal proliferative response detected in the absence of any stimulus (data not shown). The negligible effect of anti-CD28 stimulation on T cell activation in the absence of TCR ligation agrees with the result predicted by a recently proposed model of T cell-APC interaction (18) . Anti-CD28 mAb also significantly enhanced the NOD, and to a lesser extent the BALB/c, anti-CD3-induced splenic T cell proliferative response (Fig. 1 B ) . Thus, CD28 costimulation is able to restore NOD thymocyte and T cell proliferation to levels similar to the levels found in BALB/c and other control strains (Fig. 1, A , B , and E ).
CD28 costimulation activates IL-2 and IL-4 production by NOD T cells. CD28 costimulation of IL-2 production enhances IL-4 production by T cells (22), and CD28 costimulation also induces the responsiveness of Th2 cells to IL-4 (48).
We reasoned, therefore, that CD28 costimulation may restore NOD T cell responsiveness by augmenting production of not only IL-2, but also IL-4. Fig. 1 C demonstrates that anti-CD3 plus anti-CD28 costimulation significantly increases IL-2 production by both NOD (21.6-fold) and BALB/c (8.1-fold) thymocytes. In contrast, anti-CD28 significantly enhanced anti-CD3-stimulated IL-4 production by NOD (5.5-fold increase) but not BALB/c thymocytes (Fig. 1, D and G ) . This result may be due to higher anti-CD3 induced IL-4 production by BALB/c T cells without the requirement of costimulation. NOD mice may be deficient in generating differentiated Th2 cells, and therefore require CD28 costimulation for IL-4 production (49). A higher anti-CD3 stimulated production of IL-4 has also been found in other diabetes-resistant strains (our unpublished results [50] ). The failure of TCR-stimulated CD4 ϩ NOD thymocytes to produce IL-4 (13) likely facilitates detection of a significant increase in IL-4 production upon costimulation by anti-CD28. Note that CD28 costimulation augments the proliferative responsiveness as well as IL-2 and IL-4 production by NOD thymocytes to levels comparable to those of BALB/c thymocytes. This augmentation may occur by a CD28-mediated pathway that significantly enhances the differentiation and ability of NOD thymocytes to produce IL-4, which can subsequently stimulate T cell proliferation in an autocrine and/ or paracrine fashion (51, 52) . Our finding that IL-4 restores the proliferative responsiveness of NOD thymocytes by increasing their level of IL-2 production (13) agrees closely with the reported role for IL-4 in the stimulation of IL-2 production by mouse T cells in response to plate-bound anti-CD3 (53) .
To examine whether CD28 costimulation of NOD thymocytes is dependent upon upregulation of IL-4 and/or IL-2 production, we assayed the capacity of anti-CD28 to costimulate anti-CD3-induced NOD and BALB/c T cell proliferative responses in the presence of anti-IL-4, anti-IL-2, or both of these mAbs. Anti-IL-4 inhibited ‫ف‬ 33% of the CD28 costimulatory response of NOD thymocytes, but did not inhibit CD28 costimulation of BALB/c thymocytes (Fig. 1 E ) . CD28 costimulation of proliferation is therefore partially dependent on IL-4 production by NOD thymocytes, but not by control BALB/c thymocytes. We also found that anti-IL-4 partially blocked (46% inhibition) CD28 costimulation of IL-2 production by NOD thymocytes, but did not affect CD28 costimulation of IL-2 production by BALB/c thymocytes (Fig. 1 F ) . In contrast, anti-IL-2 inhibited almost completely (85% inhibition) the amount of CD28 costimulation of IL-4 production by NOD thymocytes, but did not block CD28 costimulation of IL-4 production by BALB/c thymocytes (Fig. 1 G ) . Thus, restoration of NOD thymocyte responsiveness by CD28 costimulation is dependent partially on enhanced IL-4 and IL-2 production.
Defective T cell activation in NOD mice (12, 39, 54 ) may account for the functional inactivation of regulatory peripheral Th2-like cells and lack of tolerance to pancreatic ␤ cell antigens in NOD mice (3, 55, 56) . Exogenous IL-4 prevents the onset of IDDM in NOD mice; this prevention is associated with the restoration of T cell proliferative responsiveness and augmentation of IL-2 production in vitro (13) . Our data presented here suggest that NOD T cell proliferative responsiveness can be restored by CD28-mediated costimulation via a mechanism that is partially, if not primarily, dependent on the enhancement of IL-2 and IL-4 production, respectively.
CD28 costimulation prevents destructive insulitis and IDDM in NOD mice. Our result that IL-4 treatment of NOD mice prevents insulitis and IDDM (13) , and finding in this report that CD28 costimulation markedly enhances IL-4 production by NOD T cells, prompted us to investigate whether CD28-mediated costimulation prevents insulitis and IDDM in NOD mice. We found that anti-CD28 treatment of NOD mice during the inductive phase (2-4 wk of age) of IDDM development prevents destructive insulitis (Fig. 2) and completely protects against IDDM (Fig. 3 A ) . Note that in 25-wk-old anti-CD28 treated NOD mice (Fig. 2 B ) , the percentage (19%) of islets displaying severe insulitis (insulitis score ϭ 3) was considerably lower than that observed (46%) in control-treated mice. Anti-CD28 treated animals still possessed 22% normal healthy islets (insulitis score ϭ 0), while normal islets were not present in the control animals. In contrast, when anti-CD28 mAb was administered together with anti-IL-4 mAb, the protective effect of anti-CD28 mAb was abrogated (75% of treated mice became diabetic at 25 wk) (Fig. 3 A) . This result suggests that anti-CD28 mAb is an effective stimulator of IL-4 production by NOD T cells, and that the IL-4 secreted as a consequence of this stimulation is neutralized by anti-IL-4. Also note that NOD mice that received anti-IL-4 mAb alone displayed a similar incidence of IDDM as control IgG-treated mice. This observation is consistent with a report of the effect of treating NOD mice with various anticytokine mAbs, in which anti-IFN-␥ was found to protect against IDDM while neither anti-IL-4, anti-IL-5, nor anti-IL-10 administration had any significant effect (57) . Collectively, these results indicate that IL-4 plays an important role as a mediator of the anti-CD28 mediated protective effect.
Interestingly, when anti-CD28 treament was initiated after the onset of insulitis at 5 wk of age, significantly less protection from insulitis (data not shown) and IDDM (Fig. 3 B) was observed. This result emphasizes the age dependency of successful immune intervention in NOD mice (3, 28, 33) . It also indicates that CD28 mAb administration may represent a form of immunostimulation of NOD T cells that effectively protects against IDDM, particularly when anti-CD28 treatment is administered during the inductive phase of the disease. Indeed, the same mAb purified from supernatants of the 37.51 B cell hybridoma was recently demonstrated to function by activation of CD28 signaling in vivo (58, 59) .
Our observations in Figs. 2 and 3 are consistent with the recent report that disruption of the CD28/B7 pathway early in either CD28-deficient or CTLA4Ig transgenic NOD mice promotes the development and progression of IDDM (33) . Together, these two sets of findings indicate that activation of NOD T cells by the CD28/B7 pathway is required to protect NOD mice from destructive insulitis and the onset of IDDM. Our data suggest that the anti-CD28 mAb used to treat NOD mice may prevent IDDM by activating the CD28 signaling pathway in NOD T cells rather than by blocking the interaction between CD28 and B7. Alternatively, we cannot formally rule out the possibility that anti-CD28 blocks CD28-B7-2 interaction, enabling a higher avidity interaction between CTLA4 and B7-1 to occur. The latter interaction may downregulate T-APC interaction and prevent IDDM in NOD mice (60) . The age-dependent cytokine profiles (shown below) observed in thymocytes and peripheral T cells throughout the period of anti-CD28 treatment of NOD mice, viz. the high levels of IL-4 secretion compared with the decreasing levels of IFN-␥, however, also support the idea that anti-CD28-induced protection from IDDM is mediated by a polarized increase in Th2-like activity rather than a decrease in Th1-like activity.
Anti-CD28 treatment elicits the expansion and survival of Th2 cells. Prevention of IDDM by CD28 costimulation may be mediated by the activation of a subset of CD4 ϩ regulatory T cells that confer protection against IDDM. This subset of CD4 ϩ regulatory T cells may be hyporesponsive in NOD mice, and may not receive a sufficient amount of the CD28/B7 costimulatory signal required for clonal expansion and effector function in NOD mice (61) . It has been proposed that precursor CD4 ϩ Th2 cells require a strong initial T cell stimulation, and that the amount of IL-4 produced is proportional to the magnitude of the initial T cell stimulation. In the absence of CD28 costimulation, IL-4 production remains below the threshold required for optimal development of Th2 cells (19, 20, 62) . It is of interest that B7-1 and B7-2 ligation of CD28 mediate distinct outcomes in CD4 ϩ T cells. B7-2 costimulation signals naive T cells to become IL-4-producing T cells, and thereby directs an immune response towards Th0 and Th2 cells (26, 27, 63) . B7-1 costimulation seems to be a more neutral differentiative signal, and initiates development of both Th1 and Th0/Th2 cells. Presumably, B7-2 plays a dominant role in production of IL-4 because of its early expression during T cell activation (20, 26) . Thus, an insufficient or inappropriate signal resulting from a CD28/B7-2 interaction may be delivered to a subset of regulatory CD4
ϩ T cells in NOD mice, and this subset may not differentiate properly into functional IL-4 producing Th2 cells.
We tested this hypothesis by analyzing whether anti-CD28 Figure 4 . Anti-CD28 mAb treatment induces IL-4 production in NOD mice. Thymocytes, splenic T cells, and islet infiltrating cells (10 6 /ml) were pooled from at least three age-matched NOD mice at various times after treatment with anti-CD28 mAb or control Ig, and were then stimulated with the 145-2C11 anti-CD3⑀ mAb (plate-bound, 1/500 ascites dilution). After either 72 (thymocytes) or 48 h (T cells and islet infiltrating cells) of culture, the concentrations of IFN-␥ and IL-4 in cell supernatants from triplicate cultures were determined by ELISA. Values shown are the meanϮSEM of three separate experiments. mAb treatment of NOD mice provides the costimulation required for the expansion of and cytokine production by regulatory IL-4-producing Th2-like cells. Fig. 4 shows that anti-CD3-stimulated (in vitro) NOD thymocytes obtained at 8 wk, peripheral splenic T cells obtained at 8 wk and 25 wk, and isletinfiltrating T cells examined at 25 wk of age produce significantly higher levels of IL-4 when compared with the same subpopulations of cells isolated from control mice treated with a hamster Ig. Interestingly, shortly after termination of treatment with anti-CD28 mAb, thymic and splenic T cells showed a higher basal (no stimulation) production of IL-4 compared to cells obtained from age-matched (8-wk-old) control mice. With the exception of a 4.3-fold higher splenic T cell basal response in 8-wk-old anti-CD28 treated mice, no differences were detected between the proliferative responses of thymocyte, splenic T cells, and islet-infiltrating cells from 8 and 25-wk-old anti-CD28-treated NOD mice and those of the agematched controls (Fig. 5) . The increase in basal T cell proliferation and IL-4 production may reflect the preferential costimulation of Th2 cells by anti-CD28 treatment in vivo. Indeed, we found that anti-CD28 treatment in vivo leads to an increased production of IgG1 (which reflects increased IL-4 production by T cells) rather than IgG2a anti-GAD67 antibodies (Fig. 6 B) . Moreover, the total number of splenic lymphocytes was increased about 1.9-fold at 8 wk of age and 1.7-fold at 25 wk of age in anti-CD28-treated NOD mice relative to that of control-treated mice (our unpublished data). These findings, together with our observation that anti-IL-4 treatment in vivo blocks the anti-CD28-induced protection from IDDM, support the idea that anti-CD28 treatment elicits the expansion and survival of IL-4-producing Th2 cells in NOD mice.
Anti-CD28 treatment did not significantly alter the level of IFN-␥ secretion by T cells from 8-wk-old NOD mice when compared with that observed in age-matched control mice. Levels of IFN-␥ secretion by thymocytes and splenic T cells from 25-wk-old anti-CD28-treated NOD mice, however, were markedly reduced in comparison to those levels detected in control mice. These data demonstrate long-term downregulation of Th1 cell function, which may arise from the preferential activation of Th2 cells induced by CD28 costimulation during the inductive phase of the autoimmune process. The downregulation and/or functional deviation of Th1 cells towards a Th2 cell phenotype by IL-4 is more effective than and dominant over the inhibition of Th2 cell function by IL-12 (64-66). In- deed, when the development of a Th2 response is mediated by strong CD28 costimulation, the Th2 response is less sensitive to the inhibitory effects of IL-12 (67) . Thus, our results agree with reports that IFN-␥-secreting Th1 cells potentiate the effector phase of insulitis, IFN-␥ is directly involved in ␤ cell destruction (68) (69) (70) (71) , and the early differentiation of naive T cells into Th2 cells is dependent on CD28 signaling (33, 36) .
CD28 ligation promotes production of Th2 cytokines by naive murine T cells in an IL-4-dependent manner (72) . Studies of the role of CD28 and B7 in the differentiation of Th1 and Th2 cells in a mouse model of Leishmania infection, however, show that CD28, although important, is not an absolute requirement for generation of a Th2 response (73) . This result suggests that the mouse strain genetic background may contribute to Th1/Th2 phenotype polarization as much as costimulation. Nonetheless, our results of modulation of Th1/Th2 phenotype in NOD mice, together with the results of others obtained in either additional strains of autoimmune mice or in analyses of antigen-specific T cell responses in vitro (33, 36, 72) , illustrate a critical role for CD28 costimulation in Th1/Th2 phenotype regulation. It is possible that the discrepancy between the results obtained in Leishmania-infected mice and those observed in autoimmune mice may be attributable to the high magnitude of the activation signal(s) delivered to T cells induced by Leishmania infection. The strength of this signal(s) may overcome any genetic deficiencies in T cell development as a result of compensatory mechanisms such as upregulation of other costimulatory surface receptors on T cells and/or the production of potent cytokines (49, 67, 73) , including IL-6, which has an important role in the control of Th2 cell differentiation (74) . Although anti-CD28 mAb treatment protects from IDDM, this treatment still allows for development of a nondestructive periinsulitis, and therefore does not interfere with migration of diabetogenic T cells to the pancreatic islets. Rather, anti-CD28 treatment appears to induce regulatory T cells in the pancreas to suppress islet ␤ cell destruction and progression to overt IDDM. Evidence in support of this notion is derived from assays of secretion of IL-4 and IFN-␥ by infiltrating cells from mice treated with anti-CD28 or control Ig (Fig. 4) and from analyses of the levels of expression of these cytokines in the pancreas of anti-CD28 treated NOD mice at 25 wk of age (Fig.  6 ). Note that intrapancreatic expression of IL-4 is significantly higher in anti-CD28 mAb-treated mice, whereas the expression of IFN-␥ remains essentially unaltered in these mice. Committed autoreactive cells, including Th1 cells, may accumulate in pancreatic islets, but the function of IL-4 predominates to inhibit IFN-␥-mediated ␤ cell damage.
Results of comparative FACS analyses of the phenotype and surface expression of various cell adhesion molecules and T cell activation markers in anti-CD28 mAb-treated and control IgG-treated NOD mice at 8-25 wk of age are consistent with our observation that anti-CD28 treatment does not block the migration of T cells to pancreatic islets. We found that the levels of expression of LFA-1, L-selectin, CD44, CD-69, ICAM-1, CD28, and B7-2 on splenic T cells did not differ significantly between anti-CD28-treated and control-treated NOD mice (our unpublished data). Similarly, no significant differences in expression of B7-1 and B7-2 were detected on splenic APCs (including B cells) from anti-CD28 versus control-treated NOD mice. In addition, the level of expression of CD28 on splenic T cells and of B7-1 and B7-2 on splenic APCs were the same in the NOD and control strains of mice. Lastly, the T (CD3 ϩ ):B (CD19 ϩ ) and CD4:CD8 T cell ratios in NOD mice were not altered by anti-CD28 treatment.
When splenic T cells from NOD mice (25 wk of age) were transferred into NOD.Scid recipients, the transfer of IDDM was either prevented or significantly delayed if recipient mice received T cells from anti-CD28-treated donors (Fig. 7) . All (5/5) of the mice transferred with T cells from control IgG- (11) , and suggest that anti-CD28 mAb treatment activates regulatory Th2 that remain functional and prevent/reduce IDDM over a prolonged period. This effect may arise from the ability of CD28 ligation to sustain the proliferative response and enhance long-term survival of T cells by delivering a signal that protects from apoptosis through upregulation of survival factors such as Bcl-x L (75) (76) (77) .
Concluding remarks. As previously suggested (78) , CD28/ B7 interactions may differentially regulate Th1/Th2 responses depending on the phase of the disease at which immune intervention is initiated. Blockade of CD28/B7 during the early phase of onset of an autoimmune disease preferentially blocks differentiation of the Th2 cell lineage and exacerbates the disease. Experiments conducted with CD28-deficient mice demonstrate that CD28 expression is required for predominant Th2 cell responses in an autoimmune environment (32, 33) . Compatible with these findings, our results suggest that the activation of the CD28/B7 pathway during the early phase of onset of insulitis in NOD mice may stabilize a protective Th2-mediated environment in pancreatic islets. This type of environment appears to protect against a destructive insulitis and progression to IDDM. In contrast to other mAbs that protect NOD mice from IDDM, such as anti-CD4 and anti-CD3 mAbs (79, 80) the anti-CD28 mAb we used in this study appears to selectively activate a subset of regulatory Th2 cells by stimulating T cell clonal expansion in vivo, presumably by activating CD28 signaling and augmenting IL-2 and IL-4 secretion. Anti-CD28 mAb treatment during the early inductive phase of diabetogenesis and much before the onset of disease therefore represents an effective means of immunostimulation. This treatment affords a promising type of immunotherapy for the IDDM prevention in individuals at high risk for the disease.
Our data are compatible with the notions that (a) Th2 cells require a higher threshold of activation than Th1 cells; (b) in NOD mice, Th2 cells are deficient in their ability to receive this CD28-dependent signal from interacting APCs, and (c) this CD28 signal is requisite for activation of IL-4-producing NOD Th2 cells and protection from IDDM. We cannot, however, rule out the alternate possibility that NOD APCs may not provide an appropriate or sufficient CD28 costimulation signal during the inductive phase of IDDM development. Further experimentation is required to discern between these possibilities. In conclusion, our results indicate that augmenting costimulation at an early age can completely prevent development of a spontaneous organ-specific autoimmune disease. 10 7 ) from prediabetic female NOD mice previously treated or untreated with anti-CD28 mAb were injected into female NOD.Scid mice (n ϭ 5/group). The recipients were followed for a maximum of 12 wk after transfer, and BGL were monitored weekly.
